A standard way to assess patient's work of breathing is the calculation of the inspiratory pressure-time-product (PTPinsp) which requires knowledge of the transdiaphragmatic pressure (Pdi). We designed the Occlusion+Delta (O+D) method to assess Pdi non-invasively. For its validation we compared PTPinsp from the proposed assessment (rPdi) and from Pdi measured with an invasively introduced gastro-oesophageal balloon catheter, giving especial attention to differences related to the defined levels of effort.
Introduction
Assessing transdiaphragmatic pressure (Pdi) as expression of patient's respiratory effort is important both for diagnostics and for the adequate treatment of conditions that require mechanical ventilation. The invasive measurement of Pdi is a standard technique that is not only difficult and uncomfortable, but may also increase the risks of injury and infection for the patient. This fact added to the increased use of non-invasive ventilation in areas like weaning stations and home care implies the necessity of a non-invasive procedure to assess Pdi, which permits to recognize opportunely changes in the respiratory mechanics, expressed for example by the level of breathing effort. The Occlusion+Delta (O+D) method [1] makes use of short (~200ms) expiratory occlusions to estimate periodically respiratory resistance (R) and respiratory compliance (C). Both parameters are then entered into the linear single compartment model of the respiratory system, to return a reconstruction of the muscular pressure employed for inspiration by non-sedated patients and approximated by Pdi, in a non-invasive way.
As part of the validation of the O+D method the PTPinsp calculated from the reconstructions is compared to the PTPinsp calculated from the invasively measured Pdi.
Methods
The current study compares two methods, one invasive and one non-invasive, to assess Pdi in a setup designed to get three different levels of work of breathing. Following methods were used.
Invasive measurement of Pdi
Pdi was measured from two healthy volunteers (male, 21 and 46 years old) using a double-balloon catheter (nSpire GmbH, Oberthulba, Germany). The procedure was approved by the ethics committee of the University of Lübeck (University Medical Centre Schleswig-Holstein, Campus Lübeck, Lübeck, Germany) and informed written consent was obtained from each volunteer. After applying topic anaesthesia to the nose and epilarynx, the balloons were placed one in the lower third of the oesophagus and one in the stomach, i.e. around the diaphragm [2] , and filled with 2ml of air each; the proximal end of the catheter line was fixed to the cheeks to avoid displacement.
Pdi Offset and Filter
The physiologic proximity of the heart to the oesophagus causes unwanted signals, also called cardiogenic oscillations [3] , in Pdi that can be eliminated using a filter. The present analysis was done first with the original Pdi and then after subtracting the frequency components between 0.8 and 8Hz from Pdi. The filter was implemented as a combination of two fifth order Butterworth filters, one low-pass and one high-pass. The cut-off frequencies were determined according to the analysis of frequencies of the measured Pdi. An excerpt of the frequency analysis of Pdi from subject 2 is shown as example in Image 1. Zooming on the values displayed permits a better visualization of the undesired components.
Image 1
Amplitude spectrum (frequency analysis) of the Pdi measured from subject 2
Similarly, the involuntary action of neighbouring smooth muscles (peristalsis) influences the measured pressures causing a slow variation of the offset in Pdi. Assuming full relaxation of the muscles at expiration end the offset was first defined as the average of the initial values in each breathing cycle, but was then determined, considering its variability, as the baseline connecting the minima of filtered Pdi in consecutive cycles.
Non-invasive assessment of Pdi
After each occlusion the O+D method delivers a pair of R and C that is combined to the flow and airway pressure signals to obtain continuously an estimation of Pdi (rPdi). For its validation the PTPinsp, which corresponds to the area under the curve over the inspiration time, was calculated from Pdi (PTP Pdi ) and rPdi (PTP O+D ) respectively. An example of measured and reconstructed Pdi in a breathing cycle is shown in Image 2.
Image 2 Measured and reconstructed Pdi (rPdi) in a sample breathing cycle
Examination protocol and comparison of methods
After proper placement of the catheters and starting the execution of O+D the volunteers breathed during about one hour at 3 effort levels: L1: quiet breathing, L2: augmented effort by increased dead-space and L3: supported by 10mbar from an intensive care ventilator Evita4 (Dräger, Lübeck, Germany) in assisted spontaneous breathing mode (ASB). Linear regression and Bland-Altman analysis were performed to compare the PTPinsp from both methods with special attention to variations related to the effort levels.
The PTPinsp values are averaged over each five cycles in order to get a trend on the current effort, but principally to eliminate or reduce the effect of outliers caused by isolated deep or long inspirations (sighs) and remaining artefacts in the real Pdi resulting from peristalsis or voluntary movements.
Results
The invasive measurement of Pdi was possible without difficulties for both volunteers. The occlusions required by the O+D method did not disturb them. Clear increase and decrease of the effort level, compared to the values during initial quiet breathing, was achieved. This was mainly demonstrated by the changes of amplitude in the pressure signals.
Initial results were obtained using Pdi as measured and assuming full muscular relaxation between cycles. Posterior results were obtained after filtering Pdi and redefining the offset as previously explained.
Pdi Offset and Filter
The filter had the expected effect on Pdi; an example of it is shown in Image 3. Also the determination of the variable offset worked as expected; image 4 shows the offset line determined for the whole Pdi measured from subject 2. A similar figure was obtained for subject 1. Note the changes in amplitude indicating the effort made.
Image 3 Example of original and filtered Pdi
Image 4 Upper plot: measured Pdi and offset line (bsl); lower plot: offset-corrected Pdi
Linear regression and correlation
After the initial examination of data, regression and correlation analysis resulted in PTP O+D = 1.34PTP Pdi -1.87, r=0.94, R 2 =0.89 for subject 1 (n=541) and PTP O+D = 1.35PTP Pdi -4.54, r=0.95, R 2 =0.91 for subject 2 (n=451). After eliminating the heart pressure waves from Pdi and redefining the offset, the results of regression and correlation analysis changed to PTP O+D = 1.23PTP Pdi -1.31, r=0.97, R 2 =0.94 for subject 1 (n=542) and PTP O+D = 1.21PTP Pdi -3.47, r=0.98, R 2 =0.95 for subject 2 (n=496). The slight increase in n, results from the program being able to interpret more sets of values as undisturbed signals of Pdi for quiet breathing.
Bland-Altman analysis
Bland-Altman analysis revealed for both volunteers small differences in the mean PTPinsp determined from both methods, but showed that the differences (both their means and standard deviations) increase with the means of PTPinsp, i.e. they were higher for augmented effort. Table 1 summarizes the results as mean±2SD in cmH 2 0.s (1cmH 2 0≈0.98mbar). The first two columns show the initial results; the last two columns marked as "Filter +Baseline" show the results after filtering cardiac artefacts from Pdi and redefining the offset. The row All contains the results for the whole measurements, while the rows L1, L2 and L3 present the results for each effort level separately (L1: normal, L2: increased, L3: reduced). 5.67 ± 7.1 5.33 ± 5.8 4.63 ± 5.4 3.79 ± 4.6 L3 -0.24 ± 3.9 -2.50 ± 3.9 0.54 ± 3.8 -1.65 ± 3.6
The Bland-Atman diagrams from the initial analysis are shown in Image 5; the diagrams from the analysis after filtering and redefinition of offset are shown in Image 6.
Image 5 Comparison of PTPinsp -Initial results

Image 6 Comparison of PTPinsp from both methods after filtering and redefining offset of Pdi
Discussion
Measuring Pdi correctly is not an easy procedure, because numerous aspects must be taken into account: not only the artefacts caused by the heart beat and peristaltic or voluntary movements, but also the exact positioning of the balloons and the amount of air inside them may influence the recorded signal. Nevertheless, we could reliably measure and record Pdi recognizing the expected changes in its amplitude. Although the catheter is fixed with plaster to the cheeks, internal displacement of the balloons, though minimal, can not be completely avoided, making necessary the determination of a changing offset. The exclusion of Pdi signals that do not correspond to quiet breathing (for example coughs or speaking) is in this part of high relevance and is done by software. The implementation of the filter is also possible in hardware, but modifications in its values would require more work if adjustment is required. The differences in the results, before and after using the filter and subtracting the varying offset, are small. However their implementation permits a more exact definition of the real Pdi, i.e. the pressure actually being generated by the diaphragm for breathing. In both cases, linear regression and correlation analysis show high agreement between methods (R 2 >0.85).
The separated analysis of the effort levels is more appropriate by Bland-Altman analysis. The overall analysis reveals small mean differences between the values of PTPinsp determined by each method (between -0.33 and 1.84 cmH 2 O.s), but a relatively high dispersion of the differences (2SD between 5.7 and 8.2 cmH 2 O.s). Filtering and offset subtraction induce only little changes in this values, but indeed reduce the dispersion of the differences (7.1 to 5.7 and 8.2 to 6.1 cmH 2 O.s) returning smaller confidence intervals.
There is also a dependency between the variances and the means, which can be observed in the Bland-Altman diagrams. This is a common fact in the analysis of biological data, usually treated using logarithmic or squared root transformations [4] . In this study however, there is a considerable amount of small values for PTPinsp (desired and expected when giving support ventilation) and even negative values (when the volunteer breathes "against" the ventilator or just through inaccuracies in the measurement), which make the logarithmic or squared root transformations not applicable and a percentual transformation of little sense.
A closer look to the single phases of measurement shows that the largest differences appear during increased effort (Level2). This occurs because of several reasons. First, the natural breathing is disturbed, such that the volunteers do not only need to put more effort but also tend to breath slower (a longer inspiratory time means also a higher PTPinsp). Second, a constant elevated effort can not be sustained over long time by the volunteers, causing high variability between breaths.
The determination of the model parameters R and C by the O+D method is of course crucial for the non-invasive assessment of PTPinsp being close or not to the real effort. The definition of PTPinsp as the product from pressure (here Pdi or rPdi) and inspiratory time (Tinsp) implies that its values, and so their differences, are proportional to the duration of the inspiration. Besides, the error between the invasively measured Pdi and its non-invasive assessment rPdi, can be expressed according to the equation of motion of the single compartment RC-model as |Pdi-rPdi| = Flow(dR+(1/dC)t), showing that their difference is not only influenced by the estimation errors dR and dC, but also partly by the time t. Errors in R or C, even if small, are thus reflected by rPdi being (graphically) over or under Pdi, so that the difference in the areas under the curve, i.e. in PTPinsp, will always increase for longer inspiratory times as the simplified scheme in image 7 shows. The results obtained up to now demonstrate great potential in the Occlusion+Delta method to assess non-invasively Pdi and PTPinsp. The determination of R and C can still be improved to offer a more exact estimation of the muscular pressure, as far as the respiratory system of the patient can be satisfactorily modelled as an RC-compartment and the muscular effort is done by the diaphragm.
Image 7 Scheme of expected differences in PTPinsp for cycles with inspiratory time t 1 (A1) and t 2 (A1+A2)
Conclusion
The measurement of Pdi and its non-invasive assessment by the O+D method delivered similar values of PTPinsp as expression of work of breathing. The higher differences and deviations during the phase of augmented effort were related to the fact that the subjects tended to breath slower than usual, which directly influences PTPinsp, and to the increased variability of signals between breaths. The logarithmic or percentual transformations typically used to diminish the dependence of variance and mean in the BlandAltman analysis was not appropriate here, due to the presence of small and negative PTPinsp values during ASB. The displacement of the baseline of Pdi was corrected by determining its offset.
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